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PROJECT SUMMARY 
 

The ocean plays a critical role in the global carbon cycle as it is a vast reservoir of carbon, 
naturally exchanges carbon with the atmosphere, and consequently takes up a substantial portion of 
anthropogenically-released carbon from the atmosphere. Although the anthropogenic CO2 budget for the 
last two decades, i.e. the 1980s and 1990s, has been investigated in detail (Prentice et al., 2001), the 
estimates of the oceanic sink were not based on direct measurements of changes in the oceanic inorganic 
carbon.  

Recognizing the need to constrain the oceanic uptake, transport, and storage of anthropogenic 
CO2 for the anthropocene and to provide a baseline for future estimates of oceanic CO2 uptake, two 
international ocean research programs, the World Ocean Circulation Experiment (WOCE) and the Joint 
Global Ocean Flux Study (JGOFS), jointly conducted a comprehensive survey of inorganic carbon 
distributions in the global ocean in the 1990s (Wallace, 2001). After completion of the US field program 
in 1998, a five year effort – the Global Ocean Data Analysis Project (GLODAP) - was begun to compile 
and rigorously quality control the US and international data sets including a few pre-WOCE data sets in 
regions that were data limited (Key et al., 2004). Although these data have improved our understanding 
of the spatial distributions of natural and anthropogenic carbon in the ocean, they have yet to be fully 
exploited to examine the mechanistic controls on these carbon distributions or to understand the 
temporal patterns of variability.  

Most of the approaches used to estimate anthropogenic CO2 in the oceans are based on 
assumptions of steady state circulation and constant biology. It is becoming increasingly apparent that 
these assumptions may not hold in a global change environment. The most important component of an 
assessment of ocean biogeochemical change, whether of natural or anthropogenic origin, is high-quality 
observations. The WOCE/JGOFS data set provides an important point of reference for ocean carbon 
studies. Many other useful data sets have not been analyzed in such a context, however because there 
has not been a coordinated effort to bring these data together and no data management system to make 
navigation and exploitation of these data convenient.  

The NOAA Office of Climate Observation’s Carbon Network (hydrographic sections, underway 
pCO2, and CO2 moorings) is a valuable contribution to the Global Ocean Observing System (GOOS) 
and Global Climate Observing System (GCOS).  It is not sufficient, however, simply to collect and 
archive the data, if we expect the data to improve our understanding of the global carbon cycle and the 
role of the ocean in climate change.  

Recognizing the need for proper data management and synthesis, NOAA’s Office of Climate 
Observations (OCO) has funded several projects to manage and perform an initial interpretation of the 
data collected from the Carbon Network. Because three of these OCO projects are very closely linked 



and often work together to generate an end product, we have combined the projects into one 
management and synthesis project as of this report. The goal of the Global Carbon Data Management 
and Synthesis Project is to work together with the OCO carbon measurement projects to take the 
fundamental carbon observations and turn them into products that are useful for scientists and the public 
for understanding the ocean carbon cycle and how it is changing over time. This effort ranges from 
ensuring that the observations are of the highest quality and are mutually consistent with each other to 
combining the observations into a common data set that is available and easy for the community to use 
and explore to evaluating the time rate of change in global ocean carbon uptake and storage. This project 
brings together ocean carbon measurement experts, information technology experts and data managers 
to ensure the most efficient and productive processing possible for the OCO carbon observations. 

 
 

BACKGROUND 
 
 Although ocean carbon uptake and storage plays a critical role in influencing global climate 
change, the community involved in studying ocean carbon is not as large nor is it as geared towards 
operational activities as the climate and physical oceanographic communities. There are no operational 
data centers ready to take the basic carbon observations and turn them into products like the climate 
forecasts or reanalysis products. As a consequence, the ocean carbon community is expected to provide 
the public with advanced analysis products, like global CO2 flux maps or maps of the patterns of CO2 
uptake and storage, in addition to the basic observations. The generation of these products is the 
objective of this project, but it is a somewhat complicated process because it involves several data 
manipulation steps and coordination with many other investigators. For this report we divide the process 
into three categories: measurement coordination and initial quality control, data management and 
contextual quality control, then synthesis and interpretation.  

The number of observations needed to address a global issue like ocean carbon uptake and 
storage is well beyond the capabilities of one lab or even one country. Thus, there are many laboratories 
from several countries involved in the assessment of global carbon distributions. To produce the greatest 
return on the US investment in ocean carbon measurements, we must ensure that all of the US 
laboratories are using consistent cutting-edge techniques, are assessing and documenting the data 
quality, and are coordinating the US measurements with the international programs so that once the data 
are combined we get the most extensive coverage possible. This is the measurement coordination and 
initial quality control portion of this project. Once the data are collected and the initial data quality has 
been documented, then the data must be pulled into a data management system that brings the individual 
laboratory data sets together into a common data base. At this point the data sets are large enough that it 
is awkward to manipulate without a data visualization program. Once the data set is assembled, the 
internal consistency of the data relative to any crossing or historical data must be checked. This is the 
data management and contextual quality control portion of the project. The final step in the process is 
taking the data set and examining it to understand how the current carbon distributions have changed 
and the mechanisms responsible for the observed changes. This last step is an evolving set of analyses 
that is continually improved and adapted as additional data are added to the data set. Each of these three 
steps is related and often requires iterative refinements of the previous steps to develop the final 
products leading to improved estimates of ocean uptake and storage. 
 The OCO ocean carbon network makes two basic types of observations: surface CO2 
observations with ships of opportunity and moorings and water column carbon observations with repeat 
hydrography cruises. The Global Carbon Data Management and Synthesis Project addresses both 



observation types. Because surface observations are collected in a different manner and have different 
requirements for developing the final product than the repeat hydrography data, the data management 
for these two data types is discussed separately. The activities and accomplishments for both data types 
in FY07 are discussed below. 
 

ACCOMPLISHMENTS 
 

The funds received for Global Carbon Data Management and Synthesis Project were 
instrumental in providing data to the scientific community at large; for promoting and allowing the 
global synthesis and interpretation of national and international surface and water column carbon data; 
and integration of the carbon program elements within the NOAA Climate Observation Program.   
 
 
 
Measurement Coordination and Initial Quality Control 

The first NOAA carbon principal investigator meeting was hosted by AOML in Miami in 
February 2007. This meeting was attended by most investigators involved in the four Climate 
Observation Program carbon projects:  repeat hydrography, CO2 measurements from ships, CO2 
measurements from buoys, and synthesis and data management.  The meeting also included program 
managers from the Climate Observation Program and Global Carbon Cycle Program and worked to 
improve coordination of the NOAA carbon projects and develop consensus on "best practices" for 
measurements and data management. In addition, members of the Global Carbon Data Management and 
Synthesis Project participated in a variety of national and international workshops to improve 
coordination between the NOAA carbon program and the national and international carbon community: 

• Sustained Indian Ocean Biogeochemistry and Ecological Research (SIBER) Workshop, Goa, 
India, October 1-8, 2006 

• CLIVAR Global Synthesis and Observations Panel SSG meeting, La Jolla, CA, Dec. 8-9 
• North American Carbon Project PI meeting, Colorado Springs, CO, January 22-24, 2007 
• Joint Canada-US-Mexico NACP meeting, Colorado Springs, CO, January 25-26, 2007 
• Atlantic Ocean Carbon Synthesis Meeting, Kiel Germany, March 21-23, 2007 
• Ocean Surface pCO2 and Vulnerabilities Workshop, Paris, France, April 11-13, 2007 
• Anthropogenic Stresses on Ocean Ecosystems Workshop, Seattle, WA, April 23-24, 2007 
• Ocean Carbon and Biogeochemistry annual workshop, Woods Hole, MA, July 23-26, 2007 
• NOAA GCC program PI meeting, Silver Spring MD, September 10-11, 2007 

 
Repeat Hydrography 

DIC data from all new repeat hydrography cruises up through 2007 as well as the hydrographic, 
nutrient and CFC data from all NOAA led cruises have gone through post cruise calibration and 
corrections. The responsible PIs have completed the first level of quality control and submitted finalized 
data to the Carbon Dioxide Information Analysis Center (CDIAC) and the Clivar Carbon and 
Hydrographic Data Office (CCHDO). The data and the flags are double checked by both CDIAC 
(Kozyr) and Princeton (Key). Any discrepancies are resolved, though that is seldom necessary. Both the 
early data submission and the extremely high quality of the CLIVAR carbon measurements have greatly 
simplified this procedure. At CDIAC, Kozyr has refined the CLIVAR web presentation so that it is 
simple for a user to access CLIVAR data as well as data from previous cruises along the same sampling 



line. This web organization makes it easy for any end user to see which sections have been repeat-
sampled and to download the appropriate data for subsequent investigation. 

CDIAC has processed all new Repeat Hydrography sections: P16S_2005, P16N_2006, 
I8S_2007, I9N_2007. CDIAC also works closely with the CCHDO to merge the final carbon data with 
the final hydrographic data and ensure that the latest results are available to the community in a variety 
of formats. All of the latest repeat hydrography data have also been added to the CDIAC Mercury and 
WAVES (http://cdiac3.ornl.gov/waves/) data management tools. CDIAC numeric data packages (NDPs) 
for the A20, P02 and P16S cruises have not been published yet because the alkalinity data on these 
cruises have not been finalized. 

All future cruise plans are coordinated with the international community through the International Ocean 
Carbon Coordination Project (IOCCP) and the international CLIVAR office. 

 
Surface CO2 

CDIAC received and processed new data from the following VOS lines: 
Nuka Arctica 2005 lines (Norway), Skaugran 1995 -1999, Alligator Hope 1999-2001, Pyxis 2001-2006, 
Ryofu Maru 1989-2007, Keifu Maru 2001-2007, and Kofu Maru 1998-2002 (all Japan), Aurora 
Australis 1993 – 2002 cruises (Australia), Explorer of the Seas 2004-2006 (USA). Data from the OCO 
moored CO2 observations have also been received and processed. All data were quality controlled, 
evaluated and made available to public through CDIAC VOS web page: 
http://cdiac.esd.ornl.gov/oceans/global_pco2.html. The metadata for these data were added to Mercury: 
http://mercury.ornl.gov/ocean/. 

Based on meetings with the international ocean carbon community and from our PI meeting, 
AOML and PMEL have reprocessed all of our current and historical underway pCO2 data into a 
common internationally agreed upon format.  Meta-data was updated in the format advocated by the 
International Ocean Carbon Coordination Panel (IOCCP) and data have been forwarded to the national 
repository at CDIAC. The moored CO2 data and meta-data have also been put into the same formats to 
encourage a better integration of these data streams. The latest surface CO2 data were also sent to Dr. 
Takahashi for inclusion in his updated climatology. This marks the first time that the Takahashi 
climatology will include both underway and moored data. The full Takahashi dataset has been published 
by CDIAC as a numeric data package NDP-088 (CDIAC-152): Global Ocean Surface Water Partial 
Pressure of CO2 Database: Measurements Performed During 1968–2006 (Version 1.0). 

During the last fiscal year, new software was written at PMEL to quickly process data files that 
are transmitted daily via Iridium satellite from the NOAA ships Ka’imimoana and Albert Rickmers. This 
software processes the daily data and creates diagnostic plots of pCO2, temperature, salinity, barometric 
pressure, water flow and gas flow. The plots are posted on a newly created internal website and are used 
as a diagnostic tool for data processing and quality control of the underway pCO2 data. All current and 
previous VOS data files are quality controlled using the data submission protocol for ships under the 
NOAA Office of Climate Observations (OCO) workplan "pCO2 measurements from ships". After 
installation of real-time data transmission on the AOML VOS ships, a new download and near-real time 
display program was produced at AOML to accommodate different origins of the data streams. Data and 
error reports are transmitted from the ships via Iridium or FTP every morning and checked for 
instrumental issues. 
 
Data Management and Contextual Quality Control 
Repeat Hydrography 



In collaboration with European partners in the Carboocean effort we are engaged in a major 
synthesis of data sets in the Atlantic, Arctic and Southern oceans. The focus is on older data (pre-2003) 
in the Atlantic Ocean and is being collated by Dr. Key of Princeton. Last year Key reported a total 
collection of 85 cruises and the expectation that “several more” would be obtained by the Carboocean 
data submission deadline of 12/31/06. Carboocean is a European Union program and European scientists 
have been the source for virtually all these previously unavailable data. In reality the number of 
submitted cruises exploded to a total of 169. This incredible increase was largely influenced by the 
deadline, but also by the fact that the study region was expanded during a meeting late last year in 
Iceland, to include the entire Arctic Ocean and the Southern Ocean rather than just the North Atlantic 
and Nordic Seas. The workload implied by this growth combined with the very tight Carboocean time 
schedule very significantly exceeded what was possible with the support from this grant. Consequently, 
additional funding was requested from NOAA-OGP via a separate grant. Upon hearing that this 
proposal would be funded, part time technical help (Xiaohua Lin) was hired at Princeton specifically for 
data formatting and similar database chores. This new data collection will be known as CARINA after 
the defunct European project of the same name. Figure 1 shows the CARINA station locations for the 
cruise data distributed to the working teams in October. 

The data from the CLIVAR CO2 repeat hydrography cruises will be used as a standard against 
which the CARINA cruises will be compared.  As part of this effort, Wanninkhof and Key attended a 
synthesis meeting at Kiel, Germany in March 2007. At the Kiel meeting it became obvious that the 
manual secondary QC techniques used during GLODAP would be impossible for this volume of data 
and time frame. The plan to semi-automate the process was assigned to a software team that included 
input from Wanninkhof and Key. This software is still evolving and will continue to develop, but 
sufficiently sophisticated versions are now available on-line and being used by each group. Thus far, the 
software will automatically identify those stations in a merged dataset which are within given distance 
of each other and then carry out a routine deep water “crossover” analysis similar to those used in 
GLODAP. The maximum station separation distance and the list of tested parameters are chosen by the 
operator. Next, the crossover results are passed to an objective minimizing routine similar to that used 
by (Johnson et al., 2001). Some CARINA cruises data are now available through the open CDIAC 
CARINA web site (http://cdiac.ornl.gov/oceans/CARINA/Carina_inv.html). A password protected 
CARINA web site has been established at CDIAC for secondary QC and synthesis work. AOML leads 
the effort of secondary quality control of the post-1997 WOCE cruises and CLIVAR/CO2 cruises in the 
Atlantic. PMEL is leading the secondary quality control for the Pacific sector of the Southern Ocean. 
The Carboocean synthesis subgroups are in the process of examining over 800 crossovers for DIC, O2, 
NO3, T, S, SiO2, and PO4.  

A similar effort is beginning in the Pacific as part of the North Pacific Marine Science 
Organization (PICES) section on Carbon and Climate. PMEL investigators (Feely and Sabine) have 
been PICES members for years. Approximately a year ago PICES PIs decided to construct a data set of 
historic cruises from their countries similar to CARINA. At the annual meeting, which was held in 
Victoria, B.C. during October, Japanese scientists presented a list of approximately 200 cruises on which 
carbon measurements had been made during recent times. The data from about 60 of these cruises had 
actually been obtained and converted to similar format. Korean attendees (primarily K. Lee) volunteered 
additional Korean cruises for the collection and communication channels were opened between 
scientists who are actively trying to recover decades of data from C.-S. Wong’s Canadian laboratory. 

 
 
 



 

 

 

 
 

Figure 1. Maps of new stations (beyond GLODAP) compiled for CARINA dataset and international data 
synthesis efforts.  



 
At the meeting various rules for data sharing, etc. were discussed and agreed. In most respects 

the operating procedures will be quite similar to those used for Carboocean/CLIVAR. With 
collaborations from Toru Suzuki, MIRC (Japan), CDIAC has started to compile the PICES database for 
the secondary quality control effort (http://cdiac.ornl.gov/oceans/PICES/PICES_table.html). Initial 
quality control and additional formatting will be done at Princeton and work groups will eventually be 
formed to carry out secondary QC and subsequent science.  

One major difference between the PICES and CARINA efforts is that the PICES work will not 
be funded by a central organization. That is, PICES does not fund science it only covers travel expenses 
for PICES members to the annual meeting. This funding arrangement is identical to that of the original 
CARINA collaboration of the 1990s and in that case the project was a failure. We are hopeful that this 
result can be reversed. That optimism is based on three key factors: (1) a few Japanese scientists with 
secure funding have a strong vested interest in the project (2) the existence and full cooperation of 
CDIAC from the outset and (3) the experience provided by the U.S. participants. In the worst case 
scenario, secondary QC tasks could be carried out primarily by the funded Japanese and U.S. 
participants. This would be far from ideal and would significantly extend the required analytical time, 
but should eventually produce a valuable data product for the North Pacific.  

 
 

Surface CO2 
Working though the IOCCP and EU Carboocean project, Global Carbon Data Management and 

Synthesis Project members helped promote and establish a standard global surface CO2 data set for the 
international community. This effort builds on the work started in 2001 as part of the EU ORFOIS 
project by Dorothee Bakker (UEA) and now continues as part of the Carboocean project. Benjamin Pfeil 
and Are Olsen (Bjerknes Centre for Climate Research) have compiled more than 1250 cruises from 
1972 - 2007, with approximately 4.5 million measurements, into a dataset with a common format that 
has undergone standard 1st level Quality Control procedures. These data will be submitted to CDIAC by 
the end of calendar year 2007. Project members will continue to work with the international community 
to develop regional teams to conduct the second level quality control in a manner similar to the 
CARINA data discussed in the previous section. 

In FY07 PMEL continued development of the Ocean Carbon Data Management System 
(OCDMS) with a focus on underway data as the primary area for data management work.  The LDEO 
(Takahashi) consolidated collection was the target of much of these efforts guided by the strategy that, 
through addressing this dataset -- the largest assembled collection of underway cruises -- the techniques 
and tools needed to handle individual OCO-sponsored carbon measurement cruises would advance as 
well.  Indeed, we also applied these tools to individual cruise data from PMEL and AOML.  The work 
involved developing a new database schema; tools and procedures for ingesting the data; quality control 
filters; tools and techniques for high speed retrieval of selected subsets from the collection; and an LAS-
based system (user interface and products) for visualization of the data and interaction with it.  A version 
of the work was presented by Jon Callahan to the Carbon Science Team meeting in Miami in February, 
2007.  A more recent update was presented by Steve Hankin at the NOAA Global Carbon Cycle PI 
meeting in September. 
 



 
Figure 2.  OCDMS User Interface snapshot 

 
The process of ingesting data as a collection into a database provides a final filter on several 

aspects of quality control.  The filters that were developed for the OCDMS and utilized on the LDEO 
collection ingested over 3.2 million records from which they flagged 34,485 (1.1%) as invalid due to 
out-of-range (not plausible) values and 14379 (0.4%) as duplicates. (Duplicate records can cause mis-
weighting during analyses.)  These errors were reported back to LDEO, and have been incorporated into 
the recently released update of the LDEO database. 

To achieve adequate interactive performance it was necessary to derive hourly, 4x daily and 
daily subsets of the data in the database as well as the full resolution tracks.  Typically the system 
determines which subsampled level of data to access based upon the scope of the request, though the 
user can override this.  In the screen snapshot of the user interface (Figure 2) this control is visible as the 
Subsampling constraint.  An example illustrating the importance of the subsampled database tables is 
found in Figure 3 (left), where we see a global snapshot of pCO2 seawater for 1968 through the present.  
The LAS system delivers such a figure in a matter of seconds, although the full resolution data contain 
millions of observations. 

Exploratory styles of interacting with the data are also provided.  For example, zooming into a 
localized view of data (Figure 3 right) and viewing the relationships between properties.  The ability to 
constrain data queries based upon essential metadata is an important requirement of the system.  In 
Figure 2 above we see controls to constrain searches based upon ship ID and seasonality.   Seasonality is 
of particular importance in interpreting the data.  Further constraint options may be added in the future 
as requested by carbon scientists. 

 
 



    
Figure 3. pCO2 seawater from LDEO 1968 to present globally (left) and zoomed (right) 
 
 

Figure 4 illustrates the display of ocean carbon maps onto the Google Earth® application.  While 
not a specifically pressing need of the carbon science community, tools such as Google Earth® provide 
outreach to other communities and demonstrate the interoperability of the OCDMS with other 
applications. 
 

    
Figure 4.  Carbon map displayed on Google Earth® 

 



Synthesis and Interpretation 
Repeat Hydrography 

Global Carbon Data Management and Synthesis Project members have continued to investigate 
ocean carbon system variability using both the existing GLODAP dataset as well as new Repeat 
Hydrography cruises. This work has focused primarily on understanding the natural variability in the 
ocean carbon system and how these changes can be distinguished from the expected secular trends from 
rising atmospheric CO2. 

Three publications on the changes in the Atlantic have been written with PI's of this program as 
co-author (Chanson et al., 2007; Levine et al., 2007; Wanninkhof et al., 2007).  The work shows that the 
anthropogenic CO2 increase is unequivocal but that quantification is very dependent on approach with 
estimates for the Atlantic ranging from 0.4 to 0.8 mol/m2/yr with most converging at 0.6 mol/m2/yr.  On 
a basin-scale several approaches yield similar estimates but regional differences and biases are very 
apparent.  Comparisons of the basin-wide patterns of decadal anthropogenic CO2 uptake based on 
several different permutations of the multi-linear regression approach are provided in Figure 5.  
Modeling efforts using the NCAR community model confirm the magnitude and general location of 
decadal variability in the sub-polar gyres that can be primarily attributed to changes in ventilation 
(Levine et al., 2007). 

Ever since GLODAP produced the first global estimates of the oceanic anthropogenic CO2 
distribution, one very curious result has remained: the fact that the near surface anthropogenic CO2 
concentrations were so much higher in the Atlantic than in the Indo-Pacific. When first noted, C. Sabine 
and K. Lee rechecked the GLODAP Atlantic methods and results. Their efforts indicated that 
methodology variations might explain some of the difference, but the major portion appeared to be real. 
Since then R. Toggweiler (GFDL) along with J. Sarmiento and R. Key (Princeton) have been trying to 
understand the discrepancy. Over the years several theories have been proposed, however, in each case 
testing eventually killed all previous ideas. Very recently Toggweiler proposed a new theory. As with 
some of the previous ideas, this one hinges on the fact that most of the global river input is into the 
Atlantic and that riverine chemistry (concentrations) is significantly different than the ocean for both 
DIC and alkalinity. This chapter of the investigation is just starting, however, it differs from previous 
ones both in simplicity and the fact that longer time scale processes are included. If successful, a report 
of this research will be included in the 2008 annual report. 

The Pacific has been examined by the group using a couple of different approaches. For 
example, isopycnal analyses have been used to investigate the temporal changes in DIC between the 
1991 and 2006 occupations of P16N. Comparisons of DIC along isopycnal surfaces with sigma-theta of 
26.0, 26.2, 26.4, 26.6, 26.8, 27.0, and 27.2 for P16N. The DIC increases vary on each isopycnal, with 
2.4 µmol/kg along 27.2, and 18.0 µmol/kg along 26.4. Using the estimated thickness of isopycnal 
horizons between 15oN and 45oN, we obtained a mean DIC inventory change of 0.58 µmol/kg/yr in the 
North Pacific between 1991 and 2006. For the South Pacific, the DIC increase is apparently much faster. 
We have seen significant DIC increases along each isopycnal horizons, on the order of 20 µmol/kg from 
26.0 to 27.2. Based on the estimated thickness of isopycnal layers between 15oS and 40oS, the mean DIC 
inventory change is estimated to be 1.61 µmol/kg/yr for the period from 1991 to 2005.  

 



 
Figure 5:  Different multi linear regression (MLR) approaches to estimate the anthropogenic CO2 increase over 

the last decade for the full water column along line A16 through the middle of the Atlantic Ocean 
utilizing S,T, AOU, NO3, and SiO4 as input parameters. (a) MLR determined from 1989/1993 data 
subtracted from 2003/2005 DIC data. (b) 1989/1993 DIC data subtracted from a MLR created 
2003/2005 DIC data. (c) MLR determined from 1989/1993 data subtracted from the MLR determined 
with the 2003/2005 data using S, T, AOU, NO3, and SiO4 from 2003/2005. The approach is referred 
to as the extended multi-linear regression (e-MLR).  Note the differences in scale. 

 
We have also used the extended multiple linear regression (eMLR) technique to investigate 

changes over the last decade in DIC inventories on a meridional line (P16 along 152ºW) up the central 
Pacific and on a zonal line (P02 along 30ºN) across the North Pacific (Sabine et al., 2007). Maximum 
changes in the total DIC concentrations along P02 are 15-20 µmol kg-1 over 10 years, somewhat higher 
than the ~1 µmol/kg/yr increase in DIC expected based on the rate of atmospheric CO2 increase. The 



maximum changes of 15-20 µmol/kg along the P16 line over the 14/15 year time frame fit with the 
expected magnitude of the anthropogenic signal, but there is a deeper than expected penetration of the 
signal in the North Pacific compared to the South Pacific. The effect of varying circulation on the total 
DIC change based on decadal alterations of the apparent oxygen utilization rate is estimated to be 
greater than 10 µmol/kg in the North Pacific, accounting for as much as 80% of the total DIC change in 
that region (Figure 6). The average anthropogenic CO2 inventory increase along 30ºN between 1994 and 
2004 was 0.43 mol/m2/yr, with much higher inventories in the western Pacific. Along P16, the average 
Northern Hemisphere increase was 0.25 mol/m2/yr between 1991/1992 and 2006 compared to an 
average Southern Hemisphere anthropogenic CO2 inventory increase between 1991 and 2005 of 0.41 
mol/m2/yr. 

 
Figure 6. Plot of column inventories along P16N (150°W) showing the total inventory, the inventory attributed to 

circulation changes as estimated from AOU and the anthropogenic CO2 inventory. 
 
The Repeat Hydrography program began surveying the Indian Ocean with the I8S/I9N line, 

nominally along 95°E, in February to March 2007. The DIC data have been finalized and submitted to 
CDIAC, but we are just starting to look at the data in terms of secondary quality control and decadal 
changes. Comparison of deep data with the previous WOCE cruises shows that both cruises have very 
high quality data. Figure 7 shows the initial comparison of measured values along the section. This 
figure clearly indicates large changes in DIC over the time period, but additional analyses must be made 
to evaluate whether these changes directly result from anthropogenic CO2 uptake or not. 

The Princeton group has been examining model and data derived results comparing data from 
reoccupations separated by 6 months up to 2 years. With these short time intervals, differences in DIC 
along a section should be totally dominated by processes other than invasion of anthropogenic CO2 from 
the atmosphere. This research is still in progress, but the model results confirm the findings from the 
Pacific that physical changes alone can generate DIC changes along a section that are as large as the 
expected decadal anthropogenic CO2 invasion signal. On shorter time scales, the physical changes along 
a section can be very significant in the upper water column. The model suggests that some but not all of 
the resulting DIC change is reflected in oxygen change. Over the next few months we will be using 
model output to help understand what is causing these differences. We are hopeful that this work will 
eventually lead to improved methods for quantifying both natural variability and anthropogenic CO2 
uptake. 

 



 
 

Figure 7. Meridional sections of DIC in the eastern Indian Ocean from the 1995 WOCE survey, from the 2007 
repeat hydrography cruise, and a plot of the difference between the measured values. 

 
Surface CO2 

Global Carbon Data Management and Synthesis Project members are also investigating ocean 
carbon system variability in the surface ocean using both the existing GLODAP data set as well as new 
data. This work has focused primarily on understanding the time and space scales of variability of CO2 
in the global ocean. 

In McNeil et al. (2007), we produced an empirical estimate of the CO2 flux in the Southern 
Ocean based on near surface DIC and alkalinity data from GLODAPv1.1 (Key et al., 2004) plus 
additional data provided by N. Metzl. The empirical relationships were multiple linear regressions in 



form, but limited to hydrographic parameters and nutrients for fitting. The equations were able to 
reproduce surface DIC and alkalinity (normalized to constant salinity) values to within 8 µmol/kg. The 
equations were used with global climatologies of the fitting parameters to investigate seasonal variations 
in the surface concentrations of DIC and alkalinity. The procedure was also used to approximate surface 
pCO2 concentrations and to subsequently calculate air-sea CO2 fluxes. In general the flux estimates were 
similar to those reported by (Takahashi et al., 2002), and somewhat higher than inversion based 
estimates. 

In Sweeney et al. (2007) we used the GLODAPv1.1 radiocarbon data, augmented in the far 
North Atlantic using an approximation technique, to re-estimate the global mean air-sea gas exchange 
rate based on the bomb-produced radiocarbon inventory. The method was a natural extension of that 
originally used by (Broecker and Peng, 1982) and (Broecker et al., 1985). The derived gas exchange 
rates were lower than Broecker’s estimates and Wanninkhof (1992) estimate. The total inventory of bomb-
produced radiocarbon in the ocean (from this work) is now in agreement with global budgets based on 
radiocarbon measurements made in the stratosphere and troposphere. 

In Takahashi et al. (2007) a climatological mean distribution for the surface water pCO2 over the 
global oceans in non-El Nino conditions was constructed with spatial resolution of 4° (latitude) x 5° 
(longitude) for a reference year 2000 based upon about 3 million measurements of surface water pCO2 
obtained from 1970 to 2006. Seasonal changes in the surface water pCO2 and the sea-air pCO2 
difference over four climatic zones in the Atlantic, Pacific, Indian and Southern Oceans are presented. 
The annual mean for the net sea-air CO2 flux over the global oceans is estimated to be 1.4 ± 0.7 Pg-C/yr.  
Taking the pre-industrial steady state ocean source of 0.4 ± 0.2 Pg-C/yr into account, the total ocean 
uptake flux including the anthropogenic CO2 is estimated to be 1.8  ± 0.7 Pg-C/yr in 2000. 

Using the approach described in (Lee et al., 1998), and (Park et al., 2006) we have estimated the 
interannual variability in air-sea CO2 fluxes from 1989-2006 using the new climatology of Takahashi et al. 
(2007).  The effect of this new climatology on the past estimate of variability from 1990-2006 is shown in 
figure 8.  The newer results show a 30 % increase in interannual variability as determined by the difference in 
standard deviation.  

 
Figure 8:  Comparison of estimated interannual variability using monthly sea surface temperature anomalies and 

the updated global pCO2 climatology of Takahashi et al., (submitted).  The red line are the results 
using the SST-pCO2 relationship derived by Park et al. (2006) while the blue line gives the SST-pCO2 
relationships derived from the new climatology by Trinanes (pers. comm.) as part of this effort.   

 



Ocean Acidification 
Recent laboratory and field studies have provided evidence for deterioration of many species of 

marine organisms that produce calcium carbonate shells due to increasing carbon dioxide levels in 
seawater and the resulting decline in pH. For example, increasing seawater acidification has been shown 
in controlled studies to significantly reduce the ability of reef-building corals to produce their skeletons, 
affecting growth of individual corals and making the reef more vulnerable to erosion. Some estimates 
indicate that, by the middle of this century, coral reefs may erode faster than they can be rebuilt 
potentially making them less resilient to other environmental stresses (e.g., disease, bleaching, storms). 
The Global Carbon Data Management and Synthesis Project has been providing information directly 
related to better understanding the effects of ocean acidification and Dr. Richard Feely (PMEL), along 
with other project PIs, has been actively involved in developing the NOAA strategy for investigating 
and monitoring ocean acidification and its consequences. We have organized and participated in several 
national and international conferences on the subject. This is an emerging topic in the ocean community 
and will likely play a much more prominent role in our interpretation of ocean carbon data in FY08 and 
beyond. 
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